requires the accurate cyclical execution of numerous enzymatic events. These papers put us in the midst of realizing a molecular portrait of how the gears in the replisome mesh.
Type III secretion systems (TTSSs) are specialized multiprotein machines that mediate the transfer of effector proteins from the cytoplasm of pathogenic or symbiotic bacteria directly into nucleated cells 1, 2 . These machines are thought to be evolutionarily related to bacterial flagella, and indeed they do share some structural and functional features 3 . However, these two types of machines have evolved to carry out completely different functions: bacterial propulsion for flagella and protein delivery into nucleated cells for type III secretion machines. Consequently and not surprisingly, these two types of machines show important differences, particularly in the architecture and components of the structures that carry out those specific functions: the flagellar apparatus and the needle complex. Unfortunately, owing to poor nomenclature and for historical reasons, there is often confusion about what constitutes a type III secretion machine and whether the flagella should be identified as such. Proteins targeted to these machines are thought to travel through a narrow channel (~25-30 Å in diameter) that traverses the entire needle complex or flagellar structure. In the case of type III secretion machines, these proteins are presented to a 'translocase complex' located at the tip of the needle complex (also composed of type III secreted proteins), which mediates their direct delivery through the targetcell membrane. In the case of flagella, the proteins required to make the different substructures of this organelle are transported through the central channel of the apparatus to their site of incorporation on the growing distal end. Nevertheless, these two types of machines do share commonalities, particularly in the function and components of the ancillary machinery required for the recognition of proteins targeted to these machines and their initiation into the secretion pathway. These components include a number of inner-membrane proteins that are thought to serve as a 'gate' or 'channel' , which allows passage through the bacterial inner membrane, and an ATPase (and an associated regulatory protein), which functions in the recognition and unfolding of proteins destined to travel this pathway. In addition, a family of customized chaperones contributes to the secretion process by targeting the cognate proteins to the secretion machine and/or keeping them in a 'secretion-competent' state 4, 5 .
One of the issues that has captured the attention of the field for quite some time is how these machines are energized. Pioneering work by Koshland and collaborators more than 30 years ago first suggested that the proton motive force (PMF) was involved in flagellar assembly, because ubiquinone-deficient mutants of In any case, if PMF is required for the function of these machines, is it the only energizer? In the process of characterizing the components of the flagellar export apparatus at the molecular level, the laboratory of the late Bob Macnab identified FliI, a component of the flagellar export apparatus with sequence similarity to the catalytic β subunit of the bacterial F 0 F 1 ATPase. They also identified FliH, a protein involved in the regulation of FliI by mechanisms that are poorly understood 10 . This finding raised the possibility that ATP hydrolysis may also be involved in energizing at least some aspects of the process that leads to the export of the flagellar components. The absolute requirement of FliI for flagellar assembly coupled with the discovery of close homologs in other type III secretion systems gave further support to this idea [11] [12] [13] . Since then, a more complete picture of the function of this family of proteins in type III secretion has emerged. Thus, members of this protein family have been shown to hydrolyze ATP 12, 14 , associate with the secretion machine 15 , recognize the chaperone-secreted protein complex [15] [16] [17] [18] , remove the chaperone from this complex 17 and unfold the proteins destined for export so that they can fit the narrow secretion channel 17 . From all of this work, a model has emerged in which presumably both the PMF and ATP hydrolysis are involved in the secretion process; ATP hydrolysis drives the protein unfolding and presentation of these substrates to the secretion machine, and the PMF drives the progression of proteins through the central channel (Fig. 1) . The energy potentially 'stored' in partially unfolded polypeptides may also contribute to substrate progression through the channel.
In the latest issue of Nature, two more papers have contributed to this topic 19, 20 . In essence, both papers have confirmed previous studies indicating that the PMF is required for flagellar assembly. Unlike the previous studies 7, 8 , however, Koushik et al. could not confirm a role for the ∆pH component of the PMF in flagellar assembly 20 . The reasons for this discrepancy were not addressed, but it may be related to differences in the experimental systems used and the challenges associated with addressing this issue with inhibitors that can affect other aspects of bacterial physiology. In addition, these papers report that flagellar assembly can occur in the absence of the ATPase FliI, albeit inefficiently, provided that its regulatory subunit FliH is also absent. Certain suppressor mutants with defects in associated inner-membrane proteins that presumably gate the secretion channel (that is, FlhA and FlhB) further increased the ATPaseindependent secretion 19 . Because the diameter of the secretion channel dictates that substrates destined to travel through this pathway must be unfolded or at least partially unfolded before secretion, this observed ATPase-independent secretion led to the conclusion that the ATPase is not required for the unfolding reaction and that the PMF must be sufficient to drive the entire process 19 . However, there are other, arguably more likely, explanations that could account for the results obtained. For example, cross-talk with other unfoldases was not completely ruled out. Although removal of unfoldases from other secretion systems did not seem to have an effect on FliI-independent secretion, cross-talk with other unfoldases encoded by Salmonella spp. was not addressed. As the mechanisms of recognition by unfoldases may well share similarities with the mechanisms of recognition by TTSS machines, this possibility cannot be ruled out 21 . Furthermore, because some of the signals required for type III secretion consist of stretches of unstructured amino acids, it is also possible that, at low-efficiency, some substrates can be initiated into this 'more permissive' ATPase-independent pathway. This, however, would not necessarily mean that this fortuitous substrate engagement would be relevant in the context of the wild-type machine, in which the presence of the ATPase is essential for secretion. Therefore, a combination of a more permissive machine generated by the mutations and/or potential cross-talk with other unfoldases can account for the results obtained. The fact that the simultaneous removal of the regulatory subunit FliH, which may in the absence of FliI block the entrance to the gate of the channel, was required to observe the low-level ATPase-independent secretion further supports these ideas. It has been experimentally demonstrated that type III secretion ATPases can unfold substrates in vitro in a catalytic-dependent manner 17 . Therefore, until direct evidence is obtained that the PMF can mediate the unfolding of substrates, along with a better understanding of what this inefficient ATPase-independent secretion caused by the introduction of mutations really means, the conclusion that the PMF is the only energizer of these machines is premature. More likely, and as discussed above, both ATP hydrolysis and PMF are required to energize different steps of the secretion process.
Naturally, many issues are still unresolved. How does the proton gradient energize the progression of substrates through the inner channel? Is it in fact the ∆ψ or the ∆pH of the PMF that drives the process? How is PMF actually coupled to protein secretion? What is the machinery that mediates this coupling? Do protons move through the secretion channel? If so, how? Does the energy potentially stored during the ATPase-mediated unfolding of secretion substrates contribute to their progression through the secretion channel? Like any good saga, this one is "to be continued…".
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